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a b s t r a c t

Waste printed circuit boards (WPCB) have an inherent value because of the precious metal content. For an
effective recycling of WPCB, it is essential to recover the precious metals. This paper reports a promising
method to recover the precious metals. Aqua regia was used as a leachant and the ratio between metals
and leachant was fixed at 1/20 (g/ml). Silver is relatively stable so the amount of about 98 wt.% of the input
vailable online 21 September 2008
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was recovered without an additional treatment. Palladium formed a red precipitate during dissolution,
which were consisted of Pd(NH4)2Cl6. The amount precipitated was 93 wt.% of the input palladium. A
liquid–liquid extraction with toluene was used to extract gold selectively. Also, dodecanethiol and sodium
borohydride solution were added to make gold nanoparticles. Gold of about 97 wt.% of the input was
recovered as nanoparticles which was identified with a high-resolution transmission electron microscopy
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. Introduction

Electrical and electronic equipments (EEEs) have developed
apidly and their average lifespans have reduced due to the changes
n functions and designs. This tendency caused large amount of the
aste and recently became a serious environmental problem. In

ase of the European Union, waste electrical and electronic equip-
ent (WEEE) directives were established and have encouraged
EEE to be treated in an environmentally efficient way [1,2]. How-

ver, the treatments are still relying on simple methods such as
ncinerator and landfill.

Printed circuit board (PCB) is a key component in the WEEE.
CB assemblies typically have the composition as shown in Table 1,
hich consists of various metals including precious metals such

s gold, silver and palladium [3]. The best option in a waste treat-
ent is recycling. There have been several studies on the recycling

f materials by mechanical [4,5], thermal [6] and chemical [7,8]
rocesses, but most of them dealt with recovery of one or two spec-

fied materials of all PCB compositions. Recently, Pilone and Kelsall
9] reported on multi-metal electrodeposition with a mathematical

odel.

Our research aims at development of a new process which can

ecover high-purity metals from a PCB waste. The steps of the pro-
ess steps are indicated in Fig. 1. Firstly, iron and aluminium are
eparated by magnetic and eddy current, respectively. Solder recov-
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diffraction and nearest-neighbor lattice spacing.
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ry was reported in our previous paper [10]. A technology for copper
eparation is well established through ammonium sulphate leach-
ng, solvent extraction, and electrowinning [11]. The last two steps
re about recovery of precious metals and separation of nickel and
inc.

Precious metals in PCB account for more than 80% of the total
ntrinsic value even though the amount is less than 1 wt.%. This
aper suggests a promising method for the precious metals recov-
ry. Aqua regia was selected as a leachant and the target materials
ere silver, palladium, and gold. As shown in Table 1, gold is the
ost important material in PCB recovery. In this research, gold was

ecovered as nanoparticles to improve the value. The overall reac-
ion related to formation of gold nanoparticles is summarized in
he following equations [12]:

AuCl4−(aq) + N(C8H17)4 + (C6H5Me)

→ N(C8H17)4 + AuCl4−(C6H5Me) (1)

mAuCl4−(C6H5Me) + nC12H25SH(C6H5Me) + 3me−

→ 4mCl−(aq) + (Au)m(C12H25SH)n(C6H5Me) (2)

. Experimental
.1. Dissolution of metals

This research is on the recovery of precious metals following the
opper removal in Fig. 1. Metal mixtures of 5 g were prepared as the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yjp21@cam.ac.uk
mailto:djf25@cam.ac.uk
dx.doi.org/10.1016/j.jhazmat.2008.09.043
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Table 1
Compositions and the intrinsic values of PCB metals [3].

Component Wt.% Valuea (£/kg) Intrinsic value of PCB

(£/kg of PCB) (%)

Gold 0.025 14200.00 3.55 65.4
Palladium 0.010 6200.00 0.62 11.4
Silver 0.100 250.00 0.25 4.6
Copper 16.0 3.30 0.53 9.7
Aluminium 5.0 1.20 0.06 1.1
Iron 5.0 0.10 0.01 0.1
Tin 3.0 8.10 0.24 4.5
Lead 2.0 1.30 0.03 0.5
Nickel 1.0 13.20 0.13 2.4
Z
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is about 20 �m. The XRD analysis in Fig. 4 shows that the black
surface consists of AgCl. Small peaks from Ag were also detected,
inc 1.0 1.20 0.01 0.2

a Metal values are based on December 2007 London Metal Exchange (LME) levels.

atio of Table 1 (2.342 g Zn, 2.342 g Ni, 0.234 g Ag, 0.059 g Au and
.023 g Pd). All metals were 0.5-mm diameter wires with purity of
ore than 99.9 wt.% to make the surface areas proportional to the
eights. In order to find out the effect of the ratio between met-

ls and leachant, aqua regia solutions of 50, 100 and 200 ml were
reshly prepared before each experiment by mixing ACS reagent
rade concentrated hydrochloric and nitric acids. The dissolution
as indicated by a percentage of dissolution:

of dissolution = dissolved amount in the solution (g)
input amount (g)

× 100 (3)

he prepared aqua regia was poured to metal wires in Duran erlen-
eyer flasks (300 ml) covered with a watch-glass and remained

tationary at 20 ± 2 ◦C. The concentrations according to time were
nalyzed by an inductively coupled plasma-atomic emission spec-
roscopy (ICP-AES, VARIAN LIBERTY-AX).

.2. Silver and palladium separation

Silver is relatively stable in aqua regia so it remained unreacted
uring reactions. Palladium formed a red precipitate on the bottom
f flasks. Therefore, these were separated by a physical screening
fter a gravitational settling of 3 h before gold extraction processes.
he precipitates, including the remaining silver wire and red pow-
ers, were investigated by a scanning electron microscopy (SEM,

EOL-5800LV) with energy dispersive spectroscopy (EDS), an X-ray
hotoelectron spectroscopy (XPS, VG Scientifics-ESCALAB 250) and
n X-ray diffractometer (XRD, Bruker AXS D8). For the XRD analy-
is on the surface of the silver wire, the layer formed on the surface
as removed from the body and then analyzed in the status of
articles.

.3. Gold extraction and synthesis of the nanopowders

The leachant after removal of precipitates was diluted 2.5
imes with deionized water to achieve an effective gold extrac-
ion. Toluene with ACS reagent grade was used as an extractant
nd tetraoctylammonium bromide with HPLC grade was added
o toluene as a phase-transfer reagent (10 mM in toluene). The
atio between an organic extractant (OE) and an aqueous solution
AS) may have an influence on the selective extraction of gold so
he leachant (100 ml) were mixed with the extractant of 50, 100

nd 200 ml, respectively. The two-phase mixtures were stirred at
00 rpm for 10 min and then dodecanethiol (50 mg) was added to
he organic phase. A freshly prepared sodium borohydride solution
as also added very slowly to the organic phase in order to prevent
etal ions in the aqueous solution from being reduced. A metal
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istribution coefficient (D) was employed to evaluate the selective
old extraction and was calculated in the following equation:

i = MOEi

MASi
(4)

here MOEi and MASi represent the amount of metal i that has equi-
ibrated in the organic extractant and the aqueous solution. After
dditional stirring for 2 h, the organic extractant, toluene, was sepa-
ated, evaporated up to 10 ml in a rotary evaporator and was mixed
ith 250 ml ethanol to remove excess thiol. The mixture was kept

or 5 h at −20 ◦C and the dark brown precipitates generated on the
ottom were filtered and washed again with ethanol. After drying

n the evaporator, the product was observed using a high-resolution
ransmission electron microscopy (HR-TEM, JEOL-4000FX). In
ddition, the composition was identified with selected area elec-
ron diffraction (SAED), nearest-neighbor lattice spacing, and
DS.

. Results and discussion

.1. Dissolution of PCB metals in aqua regia

One of major factors which could have an influence on dissolu-
ion of metals is a relative amount between metals and leachant.
irst of all, a dissolution tendency was investigated with the met-
ls/leachant ratio of 1/10, 1/20 and 1/40 (g/ml).

Fig. 2 shows the dissolution of metals in aqua regia according to
ime. Zinc reacted vigorously so it was dissolved completely within
everal seconds regardless of the ratios. In case of the ratio of 1/10,
he amount of leachant was not sufficient to dissolve the metals so a
ot of precipitate with various colours and sizes were generated. As
he ratio changed to 1/20 and 1/40, the small red powders were only
recipitated around an unreacted silver wire. Nickel dissolved com-
letely in the ratio of 1/20 and 1/40 in 3 h (Fig. 2(a)). Gold showed
bout 97% and 100% dissolution in the ratio of 1/20 and 1/40, respec-
ively, whilst it dissolved about 80% in the 1/10 ratio (Fig. 2(b)). On
he other hand, the solubility in silver and palladium was very low
s shown in Fig. 2(c) and (d). As the ratio changed from 1/10 to
/40, the dissolution of silver increased from 0.8% to 7.2%. Palla-
ium showed an unique reaction with aqua regia, which made red
recipitates around the palladium wire and dissolved completely
ithin 3 h. However, the detected amount of palladium in aqua

egia was just between 5.4% and 7.8% of the input in the ratio of
/20 and 1/40, respectively.

In this research, the optimum dissolution conditions were deter-
ined and fixed at the metals/leachant ratio of 1/20 (g/ml) and the

issolution time of 3 h in consideration of a high gold solubility and
low silver and palladium dissolution.

.2. Separation of silver and the surface change in aqua regia

Generally, aqua regia dissolves most of metals. But, silver has
strong chemical durability to aqua regia [11]. On the dissolution

xperiments, the colour of the silver wire turned black but the shape
till remained the same. A SEM micrograph in Fig. 3 shows that
he layer formed on the surface of silver wire and the thickness
hich might come from the body of the silver wire when the black
urface was removed. This AgCl layer could play an important role
o prevent silver from dissolving in aqua regia. The silver with a AgCl
ayer can be recovered to pure silver by conventional purification
rocesses [11].
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Fig. 1. A new recycli

.3. Precipitation of a palladium complex

The results in Fig. 2(d) indicate that the precipitates on the
issolution reaction could include palladium complexes. From a

EM–EDS analysis, it was found that the precipitates mainly con-
ist of a palladium–chlorine complex with a cubic structure and
he relative ratio of palladium to chlorine is about 33–67 by weight
Fig. 5). The results of XRD and XPS matched exactly with those of
d(NH4)2Cl6 (Fig. 6). The fraction of Pd(NH4)2Cl6 particles in the

n
r
m
a
w

cess of PCB metals.

recipitates was about 99% from an XRD quantitative analysis and
he precipitates could be also recovered to pure palladium through
onventional refining processes [11].

In order to identify the formation of Pd(NH4)2Cl6, the zinc,

ickel, gold and silver wires were dissolved in a separated aqua
egia, respectively. The aqua regia solutions containing just one
etal ion were mixed with one another. However, all combinations

mong the aqua regia solutions did not cause any precipitation,
hich means that the precipitates were formed on the process of
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Fig. 2. Dissolution of PCB metals in aqua regia according to time. Ratios of 1/10, 1/20, and 1/40 note that PCB metals of 5 g reacted with aqua regia of 50, 100, and 200 ml,
respectively. % of dissolution indicates a relative amount in Eq. (3). Other metals except zinc were shown in (a) nickel, (b) gold, (c) silver, and (d) palladium. Plotting of zinc is
meaningless because it happens in a few seconds.

Fig. 3. SEM micrograph of the profile of the silver wire surface after contacting with
aqua regia for 3 h. The EDS analysis showed that the layer formed on the surface
consisted of silver and chlorine.

F
r

ig. 4. X-ray diffractogram of the surface of silver wire after contacting with aqua
egia.
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Fig. 5. SEM micrograph of the red precipitates.

Fig. 6. X-ray diffractogram of the red precipitates.

Fig. 7. Changes in the palladium precipitation according to the concentration of (a) nicke
as indicated.

Table 2
Metal distribution coefficients (Di) according to the ratio between aqueous solution
and organic extractant.

Component (i) D-value

2:1a 1:1a 1:2a

Zinc 0.001 0.001 0.002
Nickel N.E.b N.E. N.E.
Silver N.E. N.E. N.E.
Gold 83.545 231.500 237.462
P
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alladium N.E. N.E. 0.015

a Aqueous solution:organic extractant (v/v).
b Not extracted (D < 0.0005).

he dissolution of metals. When a palladium wire was put into aqua
egia with the zinc or the nickel ions, red powders were precipitated
nd identified as Pd(NH4)2Cl6. The formation of the precipitates
ust be related to a concentration of metal ions because there
as no precipitate when only palladium without other metals was
issolved in aqua regia. Therefore, the relationship between pre-
ipitation and concentration of zinc and nickel was investigated as
hown in Fig. 7. The precipitation started from around 2500 ppm
nd was saturated at about 15,000 and 20,000 ppm of nickel and
inc ions, respectively. When aqua regia is poured into PCB met-
ls, the concentration of zinc reaches up to more than 20,000 ppm
ithin several seconds whilst those of other metals are low. This

ndicates that the concentration of zinc could play a key role in
he precipitation of palladium. Therefore, the formation could be
ummarized as follows:

1) Zinc is dissolved into aqua regia in several seconds and makes
an environment for palladium precipitates.

2) Palladium dissolves and forms PdCl62− ions in aqua regia [13].
3) At the same time, palladium reduces NOCl or HNO3 to NH4+ on

the surface of the wire [13,14].
4) The reaction between PdCl62− and NH4+ forms Pd(NH4)2Cl6.

.4. Gold extraction and synthesis of the nanoparticles

Toluene can extract gold selectively. There were several papers
l and (b) zinc. The vertical axis represents a percentage of palladium precipitation

hich reported the efficiency of a selective gold extraction accord-
ng to chlorine concentration. They showed that high concentration
f chlorine hinders a selective extraction of gold [15,16]. Accord-
ngly, aqua regia in the experiment was diluted 2.5 times with
eionized water.
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Fig. 8. TEM micrograph of nanoparticles systhesized in toluene.

Table 2 shows the metal distribution coefficient after contacting
ith toluene. A D-value of more than 100 means that the metal ion

f more than 99 wt.% was extracted into the organic solution. As the
atio of AS:OE was changed from 2:1 to 1:2, the DAu-value increased
rom 87.182 to 247.718 whilst those of other metals were kept in a
ow level. The absolute amounts of the extracted metals could be
btained from the concentrations in the aqueous solution before
nd after the extraction, which were about 2 mg zinc and 57 mg
old in the AS/OE ratio of 1/1. That is, from the total 59 mg gold
hich was initially added, 57 mg gold could be recovered with a
urity of about 96 wt.%

The extracted gold was converted to nanoparticles with dode-
anethiol and sodium borohydride. Fig. 8 is a TEM micrograph of the
roduct which was formed in the organic solution. The shape and
ize was uniformly roundish with diameters about 20 nm. The EDS

nalysis showed that the particles consist of pure gold. Nearest-
eighbor lattice spacing was calculated as 0.288 by the average
alue of 20 atomic lines, which was confirmed as a gold (1 1 1)
attice [17]. In addition, the SAED diffractogram in Fig. 9 was also

Fig. 9. SAED diffractogram of the nanoparticles observed in Fig. 8.

[

[

[

[

[
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atched exactly with that of gold reported by Yasuda and Mori [17].
ll analyses prove that the product is pure gold nanoparticles in the
etal basis.
As stated above, the precious metals from PCB could be recov-

red with high purity. Especially, the recovered gold nanoparticles
ould find a wide range of application such as catalysis and sen-
ors. Our last step suggested in Fig. 1 is related to the nickel–zinc
eparation and will be reported in a separate paper [18].

. Conclusions

Waste printed circuit boards contain a lot of valuable materials
uch as gold, silver, and palladium. In this research, we focused
n the recovery of the precious metals with high purity. Aqua
egia was used as a leachant and the ratio between metals and
eachant was fixed at 1/20 (g/ml). Silver is relatively stable in aqua
egia so the amount of about 98 wt.% of the input was recovered
ithout an additional treatment. Palladium formed a red precipi-

ate during dissolution, which were consisted of Pd(NH4)2Cl6. The
mount precipitated was 93 wt.% of the input palladium. In case of
old, a liquid–liquid extraction with toluene was used for a selec-
ive extraction. Also, 97 wt.% of the input gold was recovered as
anoparticles by using dodecanethiol and sodium borohydride. The
hape and size of the recovered gold nanoparticles was uniformly
oundish with diameters about 20 nm.

Aqua regia is a very effective leachant because it makes it pos-
ible to separate silver, palladium, and gold at the same time. In
ddition, the purities of the recovered precious metals were more
han 96 wt.%. Therefore, this study could be a promising method to
ecover precious metals from wastes selectively.
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